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Abstract 
HEVs idle their engine during the stops to meet the cooling and heating needs. But, idling decreases fuel 
economy and increases engine wear and emissions. The report explores alternative strategies for air conditioning the 
HEV during the stop times. Simulation analyses are used to identify fundamental differences and new technology 
tradeoffs encountered in HEVs. An analysis of cooling and heating loads on a car under typical weather and driving 
conditions is combined with efficiency estimates for an advanced a/c system to compare different cooling strategies 
in terms of fuel usage and overall system COP. Options considered include belt and electrically driven compressors, 
with thermal and electrical storage technologies. The results of this parametric analysis narrow the range of cooling 
and heating strategies to be considered for detailed analysis and prototype testing.    
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Definitions, Acronyms, Abbreviations 
HEV.  Hybrid Electric Vehicle 
NREL.  National Renewable Energy Laboratory 
COPfuel: COP based on fuel input 
Cpm: Specific heat of moist air 
Eki: Cooling energy required during a stop of length τk at operating point (Tamb i, ω i) 
fki: Frequency of stop time τk when total driving hours is hUDDS i 
fUDDS k: Frequency of stop time τk when on a single UDDS cycle.  
hcooling: Number of hours stopped in the cooling season 
hdriving_cooling: Total driving hours per year during the cooling season 
hdriving_heating: Total driving hours per year during the heating season 
hheating: Number of hours stopped in the heating season 
hi: Number of driving hours spent at a given operating point (Tamb i, ω i) .   
hin: Inside convective heat transfer coefficient 
hout: Outside convective heat transfer coefficient 
K: Glass's absorption coefficient  
kglass: Conductivity of glass 
L: Latent heat of vaporization of water  
Nocc: Number of occupants in the vehicle 
Qglass: Net cooling load through glass 
Qinf : Net cooling load due to infiltration 
Qinf_lat: Total latent cooling load due to infiltration 
Qinf_sens: Total sensible cooling load due to infiltration 
Qlat_occ: Total latent cooling load due to occupants 
Qlat_person: Latent cooling load per person 
Qload i: Net cooling load at a given operating point (Tamb i, ω i)  
Qocc: Net cooling load due to occupants  
Qsens_occ: Total sensible cooling load due to occupants  
Qsens_person: Sensible cooling load per person 
Tamb : Ambient temperature 
Tdp: Dew point temperature 
tglass: Glass thickness 
Vinf: Volumetric rate of infiltration 
∆T: Difference between ambient and indoor temperature 
∆ω: Difference between ambient and indoor humidity ratio 
β: Solar absorptance of the car’s window (glass) at normal incidence 
φUDDS: Fraction of total driving time that is spent on UDDS (0.8) 
φUDDS_stop: Fraction of stopped time on UDDS (0.186) 
ηalt: Efficiency of alternator 
 viii
ηbelt: Efficiency of belt drive 
ηch: Charging efficiency of battery 
ηdisch: Discharge efficiency of battery 
ηgen: Efficiency of generator 
ηidl: Efficiency of engine while idling 
ηinverter: Efficiency of inverter 
ηmax: Maximum efficiency of engine 
ηmotor: Efficiency of motor 
ηdc_motor: Efficiency of integrated motor (DC brushless) 
ρa: : Density of air 
τglass: Solar transmittance of car’s window (glass) at normal incidence  
τk: Stop time  
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1. Introduction 
Hybrid electric vehicle’s (HEV) cooling needs are met, in a similar way as for ordinary cars, by running the 
belt-driven a/c compressor using its diesel/gasoline engine. Similarly, during the heating season, the passenger 
compartment is heated by the engine heat and by running the heat pump and auxiliary heaters (if needed). But when 
the vehicle is stopped (e.g. during a red light), the engine must often run at low efficiency and consume a lot of fuel 
to run the a/c or to provide heating, which reduces overall fuel economy of the vehicle. Also, idling causes increased 
emissions and engine wear. This paper examines alternative techniques for air conditioning the vehicle while 
stopped. 
Additional thermal mass storage on the vehicle might be a possible solution to the cooling and even heating 
requirements during stops. But thermal storage material would decrease the vehicle’s energy efficiency due to the 
extra weight and the inefficiencies of re-charging the thermal mass during vehicle operation. 
Apart from the thermal mass storage, the cooling and the heating requirement during stops can be met in 
several other ways. But alternative techniques also come with an added cost and increased fuel use.  The following 
methods have been considered and analyzed in this report: 
1. Operate belt-driven (open) compressor and charge batteries by running engine at optimal efficiency. 
2. Run engine at idling speed to drive the open compressor (base case). 
3. Use battery storage and electric motor to run compressor.  
4. Rely on thermal mass storage, recharged while driving. 
 
In Section 2, cooling/heating load on a car under given climatic conditions is quantified. In Section 3, 
cooling and heating energy requirement calculations are presented. In Section 4, different cooling and heating 
strategies have been identified and cost analysis has been done. In Section 5, the strategies have been compared and 
viable techniques have been identified. 
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2. Cooling/Heating Load Calculations   
2.1 Data Description and Assumptions 
The cooling and heating load on a stationary car depend on the climatic conditions. Figure 1 gives the 
number of hours an ‘average’ car in the US operates under different conditions of temperature (Tamb) and humidity 
ratio (ω) during the cooling season (Tamb > 20 C) and the heating season (Tamb < 15 C ) [1]. Each of these different 
conditions of temperature and humidity ratio is called an ‘operating point’ and cooling and heating load at each one 
was calculated as described below. Out of the assumed 500 hours of total driving per year, approximately 175 hours 
of driving occur at these ‘cooling operating points’ and 190 hours of driving occur at the shown ‘heating operating 
points’ (Figure 1).  
 
Figure 1. Typical driving hours and weather conditions 
The following assumptions were made in quantifying the amount of cooling and heating load on a HEV 
under specified conditions of compartment temperature and relative humidity (20 C and 50% RH).  
1. Engine power is used to handle the transient pull-down loads (in case of cooling) and transient 
warm-up (in case of heating).The analysis in the report deals with only the steady state conditions 
while the vehicle is stopped.    
2. Heat conducted from the outside through the glass is considered, but conduction through the 
vehicle’s body has been neglected (after a cursory analysis). 
3. Heat conducted through the firewall into the passenger compartment has been neglected. It is 
assumed that enough insulation is provided to minimize this heat transfer 
4. Radiative heat transfer has been neglected 
 
The following calculations estimate the heat gain/loss via glass, from occupants, and infiltration 
Qload = Qglass +  Qocc + Qinf   Eq. 1.1 
Heat loss form the car is taken as negative and heat gain is taken as positive.  
The following paragraphs describe the calculations for the cooling season. The calculations for the heating 
season were done using a similar methodology. 
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2.2 Cooling load calculations 
2.2.1 Heat Gain Via Glass 
The heat gain through an automobile glass can be expressed as the sum of solar heat gain, due to 
transmitted and absorbed solar radiation and the heat conducted, due to the difference between outdoor and indoor 
air temperature.  
Qglass = Qsolar + Qcond  Eq. 1.2 
Solar radiation varies temporally and spatially. To account for varying solar load experienced by a car on 
Visteon operating points, National Oceanic and Atmospheric Administration’s (NOAA) typical meteorological year 
(TMY) weather data for St. Louis (near the U.S. population centroid), was used. The details of solar load calculation 
are given in Appendix A 
The heat conducted through the glass depends on the solar heat gain, as the amount of absorbed radiation 
affects the temperature distribution of the glass.  Details of the steady state 1-D conduction calculations are given in 
Appendix B 
2.2.2 Cooling load due to infiltration 
The heat gain due to infiltration has both sensible and latent components.  
Sensible load is  
Qinf_sens = (Cpm.ρa.Vinf/60) ∆T Eq. 1.3 
 
And, latent load is  
Qinf_lat = (L.ρa.Vinf/60) ∆ω Eq. 1.4 
 
Hence, the total load due to infiltration is  
Qinf = Qinf_sens + Qinf_lat Eq. 1.5 
 
The typical infiltration rate for a vehicle at stagnation is approximately 0.005 m3/s (10 cfm) [2]. If the 
vehicle is maintained at a positive pressure during a stop, the cool air escapes and is replaced by ambient air leakage.   
A sensitivity analysis has also been done for a higher ventilation rate (0.007m3/s (15cfm) per person*4 
people), consistent with a long-term exposure guideline [3].  
2.2.3 Cooling load due to occupants 
Similar to the cooling load due to infiltration, the occupant load also has both sensible and latent 
components given by  
Qsens_occ = Qsens_person. Nocc Eq. 1.6 
Qlat_occ = Qlat_person. Nocc Eq. 1.7 
Qocc = Qsens_occ + Qlat_occ Eq. 1.8 
The values of Qsens_person and Qlat_person are given in Table 1; both were calculated for an average occupancy 
of 1.5. 
This load has negligible seasonal variations, as the indoor design condition is usually fixed. 
 4
Table 1.  Assumed parameter values 
Parameter Assumed value 
kglass 1.4 W/m C 
K 0.1 m-1 
tglass 0.006 m 
Qsens_person [9] 65 W 
Qlat_person  [9] 30 W 
hout  [9] 10 W/m2K 
hin 15 W/m2K 
ηidl 0.16 
ηmax 0.31 
ηbelt 0.90 
ηch 0.87 
ηdisch 0.96 
ηinverter 0.96 
ηmotor 0.65 - 0.85 
ηgen 0.85 
ηdc_motor 0.95 
ηalt 0.65 
2.3 Variation of cooling and heating load with humidity ratio 
The cooling and heating load due to glass, occupants, and infiltration were calculated for each of the 
operating points using parameters from Table 1, as a function of Visteon’s temperature and humidity ratio.  Figure 2 
shows how the cooling load varies with humidity at a constant temperature (27C) as relative humidity increases 
from 0 to ~90%. Figure 3 shows the variation of heating load with humidity ratio at a constant temperature (10 C).  
 
Figure 2.  Variation of cooling load with humidity ratio @ constant T = 27 C 
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Figure 3.  Variation of heating load with humidity ratio @ constant T = 10 C 
From Figure 2, it can be seen that the intensity of solar radiation is lowered under normal daytime 
conditions due to the presence of humidity induced clouds and haze. Similar trends are also observed in Figure 3. 
But in the cooling season, it can be seen that although the latent infiltration loads increase with humidity, the net 
cooling load decreases. In the heating season, as the air is very dry (as compared to the passenger compartment’s 
humidity levels), the infiltration load is mainly sensible and hence constant at a given ambient temperature.   
2.4 Variation of cooling load with temperature 
Figure 4 shows how cooling load varies with temperature, assuming dry conditions (Tdp = - 3 C). Solar 
loads dominate, because skies are clear when the air is dry.  
 
Figure 4. Variation of cooling load with temperature in dry conditions (Tdp = 17C) 
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Figure 5 shows similar results for different temperatures in humid conditions (Tdp = 17 C).   The effect of 
latent infiltration loads is seen to be small.  The main effect of humidity is to create clouds and haze which reduce 
solar load as ambient temperatures approach the dew point (i.e. as relative humidity increases).  
 
Figure 5. Variation of cooling load with temperature in humid conditions (Tdp = - 3C) 
 
Figure 6. Variation of heating load with temperature in dry conditions (Tdp = - 7C) 
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Figure 7. Variation of heating load with temperature in humid conditions (Tdp = - 5C) 
2.5 Energy Required for Cooling/Heating 
To estimate the amount of storage (battery/thermal) required, the cooling/heating energy required for a 
given stop needs to be quantified. The amount of cooling/heating energy needed depends on the cooling/heating load 
and the duration of the stop, as well as the efficiency of the air conditioning system.   
The number of hours an average car spends at different operating points is assumed to be sum of time spent 
on USEPA’s urban (UDDS) and highway driving cycle (HWFET). Using data from [1] and assuming that all trips 
exceeding 30 minutes duration occur on the highway cycle, it was found that that 80% of all driving time (175 h/y in 
cooling season and 190 h/y in heating season) occur on the city cycle where the car is stopped 18.6% [4] of the time 
as shown in Figure 8. The total number of hours stopped during the cooling season (~26 h/y) and the heating season 
(~ 36 h/y) can be calculated from those two fractions: 
hcooling = hdriving_cooling . φ  UDDS. φ UDDS_stop Eq. 1.9 
hheating = hdriving_heating . φ  UDDS. φ UDDS_stop Eq. 1.10 
 
Figure 8. Urban dynamometer driving schedule (UDDS) 
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The following paragraphs describe the cooling energy requirement calculations. The calculations for 
heating energy requirement are done in a similar manner. 
The cooling energy requirement (in kJ) during a stop of duration τk at a given ‘operating point’ is calculated 
by multiplying the cooling load at that operating point (Tamb, ω) by the duration of the given stop.  
Eki = Qload i τk   kJ Eq.1.11 
The cooling energy requirement varies from ~0.5 kJ to ~125 kJ. It would not be cost effective to carry 
enough battery/thermal storage to meet maximum cooling energy requirement, as it entails a weight penalty. Hence, 
to meet most of the stops (~90%) in an efficient way, the distribution of the cooling energy requirements over the 
year needs to be determined.    
Let τ1 τ2 τ3 …τz be the stop times on UDDS and fUDDS k be the corresponding stop frequencies on the city 
driving cycle.   Assuming that the stop frequency for a given stop time is proportional to the driving time, the stop 
frequencies at each operating point, f1i f2i f3i…..fzi can be found: 
fki = fUDDS k (hUDDS i / hTOTAL_UDDS ) Eq. 1.12 
Where total city driving time during the cooling season (~140 h/y) is hUDDS i ( = φUDDS.hi ) and hTOTAL_UDDS 
is the total driving time of one UDDS cycle (1370s).  
For any operating point, fki is calculated for every τk. There are 14 different stop times, ranging from 1 sec 
to 39 sec, on a UDDS and 437 operating points in the cooling season. The k*i (14*437) energy requirements are 
given by abscissa of Figure 9. The ordinate of Figure 6 shows the total time spent at a given stop requiring cooling 
energy Eki, obtained by multiplying each stop duration τk by fki. Some of the stop frequencies are very small, but that 
is simply an artifact of the resolution of the data sets, and the arbitrary choice of a one-year period.    
 
Figure 9. Cooling energy requirement per year 
 9
To calculate the percentage of stops covered by a given cooling energy Ej, the ordinates can be summed for 
all the stop times requiring less than the specified amount of cooling energy Ej and then divided by the total stop 
time in a year. The percent of stopped time met by a given amount of cooling energy is shown in Figure 10. Similar 
results for the heating season are shown in Figure 11. 
 
Figure 10. Cooling energy required to meet a certain percent of ‘cooling time’ per year 
 
Figure 11. Heating energy required to meet a certain percent of ‘cooling time’ per year 
The graphs in Figure 10 and 11 are for UDDS. Similar graphs can be generated for other driving cycles 
(e.g. New York City Cycle) as shown in Figure 12 and 13. 
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Figure 12. Cooling energy requirement per year for different driving cycles 
 
Figure 13. Heating energy requirement per year for different driving cycles 
2.6 Strategies for Meeting Stationary Loads  
A parallel hybrid configuration from ADVISOR (Advanced Vehicle Simulator) [5] was used to compare 
the energy efficiency of the different cooling and heating options. Figure 14 shows a schematic of the parallel 
configuration of the ‘power path’ and ‘electricity path’ and gives a quantitative measure of the ratings of different 
components. It has been assumed that the a/c compressor can also run via motor. The parallel control strategy is 
described in [6].  The assumptions listed in Table 1 are used in the analysis of cooling and heating options 
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Figure 14. Parallel configuration 
It is assumed that the HEV is air conditioned using a state-of-the-art R134a system with a COPcycle that 
varies linearly from 4.5 to 3.5 between outdoor temperatures 25 and 40C respectively in the cooling mode and 
between 5.5 and 4.5 @ 5 C and – 5C outdoors temperatures respectively in the heating mode (Figure 15). These 
figures are generally consistent with recent test results from an advanced R134a system [7].  
 
Figure 15. COP of the heating and cooling system 
This air conditioner efficiency was combined with the other component efficiencies (Table 1) to express the 
system COP, defined first in terms of power input, 
)(
)(
fanblowercompr
blowerevap
system WWW
WQ
COP ++
−=
 Eq. 1.13 
and then in terms of annual fuel usage (useful cooling divided by fuel input). The blower and fan work vary from 50 
and 100 W at low loads to 250 W and 350 W at high loads respectively. 
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The following paragraphs describe the analysis of different cooling options, with drive train losses and 
weight penalties accounted for.  
2.6.1 Running engine at idling speed to drive the open compressor (Base Case) 
The annual average COPfuel for this strategy is only ~ 0.33, and the annual fuel consumption is ~4.5 US 
gallons if the strategy were used during all stops. Moreover, idling reduces the mpg rating of the vehicle and also 
causes increased emissions and engine wear. It is assumed that during idling, engine runs the alternator to operate 
the fan and the blower. 
2.6.2 Operate belt driven (open) compressor and charge batteries by running engine at optimal efficiency (Engine 
mode) 
The engine could run at its most efficient torque and rpm, simultaneously operating the belt driven 
compressor, running the fan and blower via the alternator and charging the batteries with the excess power. This 
strategy yields an annual average COPfuel ~ 0.64. Using this strategy during all stops would require only ~2.3 US 
gallons/year. But when operating in the most efficient region (50 – 40 Nm @ 2000 – 3000 rpm), the engine noise 
levels may not be acceptable, unless efficient and lightweight mufflers can be deployed. Note, however, that this 
strategy is feasible only during the times when the battery’s state of charge is low and battery can accept charge. 
2.6.3 Use traction motor (Motor mode) or additional dedicated electric motor to run the compressor (Ded. Motor 
mode) 
In this strategy, the energy stored in the batteries while driving, when the engine is running at optimal 
efficiency, is used during the stops to run the motor, which in turn drives the compressor.  
If the car’s traction motor (~30kW) is used to run the compressor via a belt drive, the COPfuel would vary 
between ~0.38 - 0.46, reflecting the range of traction motor’s efficiency (~65-85% at low and high loads, 
respectively). The corresponding annual fuel consumption in this case would be 3.8 – 3.2 US gallons/year. 
On the other hand if a dedicated small brushless DC motor drove the compressor (efficiency ~ 95%) the 
overall COPfuel is ~0.53. The annual fuel consumption is ~ 2.8 US gallons, of which ~0.5 US gallons is the weight 
penalty for the extra motor (~5 kg).  
Generally, the traction motor efficiency is < 85% at low loads (on the order of cooling loads experienced 
during stops). Hence, it is more efficient to use smaller motors for accessories and pay the weight penalty.  
Again, the analysis of heating options is done in a similar manner as the cooling analysis and the results 
have been summarized graphically in Figure 16. It should be noted that the annual weight penalties (in terms of fuel 
consumed) have already been accounted for in the cooling calculations therefore results in heating season are 
different as compared to the cooling season. 
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Figure 16. Annual COPfuel for the cooling and heating season 
Clearly the ‘engine mode’ is the most efficient method for running the a/c during the stop times. However 
the battery size is limited and won’t accept charge all the time, thus limiting the use of the ‘engine mode’. Hence, 
the vehicle’s control system would manage the battery’s state of charge to maximize the probability that the ‘engine 
mode’ could be used during the stops.  Whenever the state of charge was high and the battery did not need charging, 
the small DC motor would run the a/c system, so 0.64 > COPfuel > 0.53.  
It is possible that ‘engine mode’ would sometimes charge the batteries to an extent where they wouldn’t 
accept any ‘free’ regenerative braking energy. Therefore, it is important to quantify the possible benefits obtainable 
by carrying additional battery or thermal storage to cover the stops. 
2.7 Comparison of ‘Additional’ strategies 
2.7.1 Analysis of incremental storage capacity 
Since both of the previously described options (engine mode and battery mode) could interfere with 
optimal management of the car’s battery capacity.  Therefore it is useful to calculate an upper bound on the energy 
requirement, by adding the weight penalty associated with carrying additional battery capacity, assuming that the a/c 
system would interact solely with that part of the battery.  Thermal storage options are also considered below.  
2.7.1.1 Dedicated battery for a/c  
The potential benefit of carrying additional battery mass can be conservatively estimated by assuming that 
enough additional battery was added to meet 90% of the cooling loads shown in Figure 7, to eliminate any 
interference with the optimal usage of the main battery. The 60 kJ of additional useable battery capacity would 
provide cooling at COPfuel ~ 0.53 (using electric motor) while discharging, and the a/c would provide cooling at 
COPfuel ~ 0.64 (engine mode) while charging the dedicated battery capacity. Because the charging rate greatly 
exceeds discharging rate, about 85% of the cooling loads would be met by battery, for an overall COPfuel ~ 0.54 (~ 
2.7 US gallons/yr, including the 0.1 gal/yr weight penalty for the ‘extra’ battery). This is more efficient than running 
the engine at idling speed. The additional battery capacity, if optimally controlled, would also give an opportunity to 
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increase savings by capturing even more ‘free’ energy from regenerative braking. Also, operating in ‘battery mode’ 
would result in potential savings in idling-related emissions and engine wear.  
Also, the additional battery size in the heating mode (which can cover 90% of all stop times in heating 
season) is only ~10 kJ and thus the ‘extra battery’ for cooling (~ 60 kJ) can also be used in winters to provide 
heating. The results for cooling and heating season have been summarized in form of annual fuel consumption for 
different modes in Figure 17.  
 
Figure 17. Comparison of annual fuel consumption 
2.7.1.2 Thermal mass  
Thermal mass (e.g. ice, eutectic salts etc.) stored onboard, could provide cooling and even heating during 
stop times and hence take the load off the engine and/or batteries. In this strategy, the engine would run the cooling 
system to charge the thermal mass while driving. During all stops the thermal mass would cool the vehicle. 
Similarly for heating, the engine can charge a given eutectic salt/solution for later use during stop times by either 
running a heat pump or by providing extra engine heat to charge the thermal material.  
There are many different thermal energy storage options available with different storage capacity, charging 
mechanisms, costs etc. For cooling, three most common thermal storage media viz. chilled water, ice and eutectic 
salts have been listed in Table 2.  A cursory analysis of this strategy shows that storing thermal mass has the 
following disadvantages  
1. Requires additional equipment and circuit (cost and weight penalties) 
2. Substantial standby losses (e.g. while parked) 
3. Only usable during stops when cooling is required (~ 26 hrs /yr) 
4. Higher temperature lift during charging 
 
Table 2 shows ice to be preferred thermal energy storage material, for storing the 60 kJ of energy needed to 
meet more than 90% of all cooling requirements. Properties of data for the different storage media were taken 
from [8].  
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It is also clear that battery (NiMH) outperforms ice due to its much smaller volume, higher charging 
temperature and negligibly higher mass and fuel penalty. 
Table 2. Comparison of 60 kJ energy storage options 
 Chilled water Ice Eutectic salt Battery 
Mass [kg] 1.5 0.2 0.70- 0.24 0.25 
Volume [cc] 2000 300 800 100 
Charging temp [C] 4 -6 5 10 
Wt penalty [gal/yr] 0.22 0.03 0.10- 0.04 0.04 
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3. Conclusion 
This report presents an approximate analysis of cooling and heating loads on HEV under typical weather 
and driving conditions. Different cooling and heating strategies have been examined and quantitatively compared to 
narrow the range of air conditioning systems to be subjected to detailed analysis and prototype development. It was 
found that operating an open compressor by running engine at optimal speed is the most efficient strategy for 
cooling and heating a stopped vehicle, just as it is while driving. But limited battery size and high noise levels may 
prevent the use of this strategy. Carrying a ‘dedicated’ battery for air conditioning also seems to be a promising 
option (with fuel savings of ~2 gal/yr – when compared with the base case). Running the air conditioning system via 
battery would also result in potential savings in idling-related emissions and engine wear.  This estimate is a lower 
bound on the potential savings, because an optimized control system may be able to capture excess ‘free’ 
regenerative braking when the main battery is fully charged. A small dedicated DC seems to be worth its weight 
penalty, because it is more efficient than the car’s traction motor; it could be easily integrated with a standard open-
drive compressor. Also, it was found that it would be better to store a battery than to pay a weight penalty for a 
thermal energy storage material.  Overall, this analysis highlights the fact that an efficient state-of-the-art a/c system 
operating in an efficient HEV should consume only about 3-4 gal/yr during while stopped in traffic.  Of this about a 
half of the energy is needed to operate the fan and blower, highlighting the fact that accessory loads ought to receive 
more attention in the future. 
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Appendix A 
Determination of solar heat gain 
Solar heat gain is obtained by summing direct normal, diffuse horizontal and solar radiation due to ground 
reflection. 
groundsolardiffusesolardirectsolarsolar QQQQ ___ ++=  
Qsolar_direct is a function of direct normal solar flux, which is directional and its direction is determined by 
sun’s position in the sky. Qsolar_diffuse has no particular directional distribution. Qsolar_ground depends on the reflected 
component of direct normal and horizontal diffuse solar flux.  
The position of the sun in the sky is specified by zenith angle, angle between the sun and the zenith, and 
azimuth angle, angle between the sun and a reference direction (North). All azimuth angles are equally likely as the 
car is assumed to be oriented randomly. Hence, Qsolar is independent of azimuth angle and is calculated by taking the 
average of solar heat gain in all directions. 
Solar radiation varies temporally and spatially. To account for varying solar load experienced by a car on 
Visteon operating points, National Oceanic and Atmospheric Administration’s (NOAA) typical meteorological year 
(TMY) weather data for St. Louis (near the U.S. population centroid), was used. The TMY data gives the hourly 
variation of dry bulb temperature (Tamb), humidity ratio (ω), zenith angle (ω) and direct normal solar flux (qdir) and 
horizontal diffuse solar flux (qdiff) for a ‘typical’ year.  
Tamb and ω (from TMY data) are sorted and grouped according to Visteon’s operating point’s Tamb and ω in 
the cooling season. A particular set of values of ω, qdir, qdiff and time of day (timeday) are obtained corresponding to a 
given (Tamb,  ω), and then averaged as explained below. To make the averaging independent of ω, qdir is split into 
horizontal   (qdir_horiz = qdir.sinα) and normal components (qdir_normal = qdir. cos α). Also,  
2/12
_
2
_ )( horizdirnormaldirdir qqq +=  
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Figure 18.  Determination of sun’s position in the sky 
Thus a set of values of qdir_horiz, qdir_normal, qdiff and timeday are obtained corresponding to a given (Tamb,  ω ), 
and averaged over time using data from [1]. 
Data obtained from Nationwide Personal Transportation Survey (NPTS) on yearly average percentile 
driving at a given time of day (Figure 19) is used to assign weights to the values of qdir_horiz, qdir_normal and qdiff , based 
on the timeday they correspond to, in the set for a given (Tamb, ω). The weighted average of qdir_horiz, qdir_normal and qdiff 
is assigned to a particular (Tamb, ω) operating point.    
 
Figure 19. Percentile of travel time by time of day 
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Figures 20, 21 and 22 show the average values of qdir_horiz, qdir_normal and qdiff at each Visteon operating point 
(Tamb, ω)  
 
Figure 20. Normal component of qdir on Visteon operating conditions 
 
Figure 21. Horizontal component of qdir on Visteon operating conditions 
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Figure 22.  Horizontal diffuse solar flux on Visteon operating conditions 
As seen in the Figures 20, 21 and 22, not all driving occurs at the (Tamb, ω) experienced in St. Louis during 
a typical year; approximately 7% of the total driving hours are missing, and estimated by extrapolation.   This is 
done by taking the average of surrounding ‘cells’ as shown in Figure 23 
 
Figure 23. Nearest neighbor averaging 
The resulting estimates of qdir_horiz, qdir_normal and qdiff for North American operating envelope are shown in 
Figures 24, 25 and 26 respectively. 
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Figure 24. Extrapolation of qdir_horiz to North American operating envelope 
 
Figure 25. Extrapolation of qdir_normal to North American operating envelope 
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Figure 26. Extrapolation of qdiff to North American operating envelope 
Values of qdir_horiz, qdir_normal and qdiff give the solar flux incident on the car’s window. A part of the incident 
radiation is absorbed, a part transmitted and a part reflected. The transmitted radiation can be calculated by   
qtransmitted = τglass .qincident 
where, τglass is the transmittance of car’s window at normal incidence (~ 0.8)  
It is assumed that almost all of the radiation that is transmitted into the car contributes in heating up the 
car’s interior.  
The solar load due to direct normal solar flux can be calculated as  
Qsolar_direct = τglass .qdir Aglass_normal 
Where, Aglass_normal is the net glass area that receives direct normal solar flux. Given sun’s position and 
dimensions and inclination of car’s window for a typical HEV (Table 3), 
Table 3. Assumed values of glass areas and their respective inclination (data from VSOLE  NREL program) 
 Glass area (m2) Angle (degrees) 
Windshield 1.144 29 
Driver window 0.31 71 
Front pass. window 0.31 71 
Rear pass. window 0.31  X 2 71 
Rear window 0.905 29 
Small windows 0.044 X 2 71 
 
The heat gain due to horizontal diffuse solar flux is given in [10] as  
Qsolar_diffuse = τglass qdiff Aglass (1 + cos(s))/2 
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Where, Aglass is the area of the glass and s is its slope relative to horizontal. Also, the heat gain due to 
ground reflectance given in [10] as  
Qsolar_ground = ρg τglass (qdir+qdiff) Aglass(1- cos(s))/2 
Where, ρg is the ground reflectance (~ 0.2) 
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Appendix B 
Calculation of conduction loads 
The following assumptions have been made for calculating conduction load  
1. Glass is in steady state (thermally)  
2. Clear glass with reflectance rglass = 0.07; transmittance τglass = 0.8 and absorptance β = 0.13 (for 
normal incidence). 
3. Most of the absorption takes place on the outer surface of the glass 
 
Solar heat gain is obtained by summing direct normal, diffuse horizontal and solar radiation due to ground 
reflection. 
The position of the sun in the sky is specified by zenith angle, angle between the sun and the zenith, and 
azimuth angle, angle between the sun and a reference direction (North). All azimuth angles are equally likely as the 
car is assumed to be oriented randomly. Hence, Qsolar is independent of azimuth angle and is calculated by taking the 
average of solar heat gain in all directions. 
 
Figure 27. Heat transfer across car’s window 
For calculating the net heat conducted through the glass, the governing differential equation can be been 
formulated as  
0/.).1.(/ .22 =−+∂∂ − glassxK keGKxT β  
where, 
kglass: Thermal conductivity of glass (W/m.K) 
K: Glass's absorption coefficient (m-1) (for solar radiation not absorbed at the outer surface) 
G is the net solar flux incident normal on the glass, calculated as shown in Figure 28. 
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Figure 28. Determination of net normal solar flux 
The boundary conditions are  
1. At x = 0   
Heat absorbed – Heat convected = Net heat conducted  
00 )/.().(. xTkTThG glassambout ∂∂−=−+β  
Where,  
Tamb: Ambient temperature 
T0: Temperature of glass at x = 0 
2. At x = L  
Net heat conducted out = Heat convected and radiated 
).()/.( inLinLglass TThxTk −=∂∂−  
where, 
Tin: Interior temperature 
TL: Temperature of glass at x = L 
 
The differential equations were solved for T0 and TL and the net heat gain was calculated as  
glassinLinglass ATThQ )..( −=  
